Changes in mitochondrial and cytosolic pH alter the chemical gradient across the inner mitochondrial membrane. The proton chemical gradient contributes to mitochondrial ATP synthesis as well as the uptake and release of metabolites and ions from the organelle. Here mitochondrial pH and ΔpH were studied for the first time in human pancreatic β-cells. Adenoviruses were used for rat insulin promoter dependent expression of the pH sensor SypHer targeted to either the mitochondrial matrix or the cytosol. The matrix pH in resting human β-cells is low (pH = 7.50 ± SD 0.17) compared to published values in other cell types. Consequently, the ΔpH of β-cells mitochondria is small. Glucose stimulation consistently resulted in acidification of the matrix pH in INS-1E insulinoma cells and β-cells in intact human islets or islet monolayer cultures. We registered acidification with similar kinetics but of slightly smaller amplitude in the cytosol of β-cells, thus glucose stimulation further reduced the ΔpH. Infection of human islets with high levels of adenoviruses caused the mitochondrial pH to increase. The apoptosis inducer and broad-spectrum kinase inhibitor staurosporine had similar effects on pH homeostasis. Although staurosporine alone does not affect the mitochondrial pH, glucose slightly increases the matrix pH of staurosporine treated cells. These two cellular stressors alter the normal mitochondrial pH response to glucose in pancreatic β-cells.
Introduction
Following a meal, insulin secreted from pancreatic β-cells lowers blood glucose by stimulating its uptake into insulin target tissues (Polonsky et al., 1988) . Although many signals are able to promote and modulate insulin secretion from β-cells, glucose is the main secretagogue. Glucose uptake and metabolism results in the generation of signals that trigger and amplify insulin granule exocytosis (Henquin, 2009; Rorsman and Renstrom, 2003; Wiederkehr and Wollheim, 2012) . This link between nutrient metabolism and insulin granule exocytosis has been termed metabolism-secretion coupling. Mitochondria play an essential role in this process as they oxidize nutrient secretagougues and generate signals including ATP that promote insulin granule exocytosis. In the case of glucose the glycolytic product pyruvate enters β-cell mitochondria to be used as a substrate for oxidative metabolism or alternatively to replenish TCA cycle metabolites through pyruvate carboxylase (Schuit et al., 1997) . Glucose oxidation accelerates the formation of reducing equivalents including NADH and FADH 2 that serve as electron donors of respiratory chain complexes (De Marchi et al., 2014; Luciani et al., 2006) . Proton pumping by the electron transport chain hyperpolarizes the electrical potential across the inner mitochondrial membrane and accelerates the respiratory rate of β-cell mitochondria (De Marchi et al., 2014; Duchen et al., 1993; Goehring et al., 2012; Wiederkehr et al., 2009) . In addition to an electrical gradient across the inner mitochondrial membrane (Δψ ≈ −180 mV), the respiratory chain maintains a proton chemical gradient (ΔpH ≈ 0.8 corresponding to −50 mV) with the matrix pH more alkaline (SantoDomingo and Demaurex, 2012; Wiederkehr, 2009 ). On the cytosolic side or the mitochondrial intermembrane space, the pH is close to neutral or slightly acidic respectively (Porcelli et al., 2005) . Previously, we have shown that compared to other cell types, the matrix pH is unusually low in resting primary β-cells (pH = 7.25) but undergoes a pronounced alkalinization (to pH = 7.7) during glucose stimulation . At the same time, glucose-induced cytosolic pH changes were of small amplitude (Shepherd and Henquin, 1995; Wiederkehr et al., 2009) . The net effect of glucose stimulation was therefore an increase of the proton chemical gradient.
Together, the electrical and chemical potential across the inner https://doi.org/10.1016/j.mce.2018.11.011 Received 7 June 2018; Received in revised form 20 November 2018; Accepted 22 November 2018 mitochondrial membrane are the driving force for mitochondrial ATP synthesis. Glucose-induced hyperpolarization of the electrochemical gradient and the associated stimulation of respiration results in enhanced ATP synthesis. This increases the cellular ATP/ADP ratio (De Marchi et al., 2014; Detimary et al., 1998; Tanaka et al., 2014) . The ATP/ADP ratio acts as an important signal in metabolism-secretion coupling as it promotes closure of the K ATP channel, which depolarizes the plasma membrane electrical potential. This triggering pathway culminates in the opening of voltage dependent Ca 2+ channels and Ca 2+ -induced insulin secretion. In addition, mitochondria amplify insulin exocytosis through ATP and other mitochondria-derived metabolites via mechanisms distinct from the regulation of plasma membrane electrical activity (Henquin, 2009; Rorsman and Renstrom, 2003) . The electrochemical gradient is also the driving force for ion and metabolite transport across the inner mitochondrial membrane. Depending on the transport step, it is promoted by the electrical potential, chemical potential or both (Santo-Domingo and Demaurex, 2012; Wiederkehr, 2009) . Ca 2+ import and ATP export in exchange for ADP are examples of transport steps mostly powered by the electrical potential (Bernardi, 1999; Pfaff and Klingenberg, 1968) . Uptake of pyruvate or inorganic phosphate is pushed by the proton chemical gradient (Halestrap, 1978; Hutson, 1987; Quan et al., 2013) . The two components of the electrochemical gradient therefore have several independent roles in the control of mitochondrial function. Mitochondria tend to maintain their electrochemical potential constant, which can be illustrated experimentally for instance by lowering of either component which results in a compensatory hyperpolarization of the other (Akhmedov et al., 2010; Santo-Domingo et al., 2013) . Such compensation also occurs in normal cell physiology. Transient depolarization of the electrical potential in parts of the mitochondrial network are associated with rapid compensatory alkalinization (pH-flashes) of the matrix pH (Santo-Domingo et al., 2013) . In addition to physiological mitochondrial pH changes, the matrix pH increases at an early stage during mitochondria dependent apoptosis (Matsuyama et al., 2000) . Induction of apoptosis with the broad kinase inhibitor staurosporine or ultraviolet irradiation increases the mitochondrial matrix pH from normal close to pH 7.7 to pH values above 8.2 (Matsuyama et al., 2000) . At the same time, the cytosolic pH decreases (Matsuyama et al., 2000; Pellegrini et al., 2012) therefore, the ΔpH is elevated during apoptosis progression. It was proposed that early during apoptosis progression, an increased matrix ATP/ADP ratio may drive ATP-synthase in reverse accompanied by a hyperpolarization of the inner mitochondrial membrane and matrix alkalinization (Matsuyama et al., 2000) . In a commentary to the work by Matsuyama et al., it was pointed out that this mechanism is not likely as ATPsynthase cannot run in reverse and at the same time maintain an elevated mitochondrial ATP/ADP ratio (Nicholls et al., 2000) . The reason for matrix alkalinization in preparation for apoptosis and the molecular mechanisms causing alkalinization remain unknown.
Our earlier studies on mitochondrial matrix pH in β-cells mostly relied on the pH sensitive protein AlpHi (Abad et al., 2004; Akhmedov et al., 2010; Wiederkehr et al., 2009 ). This genetically encoded probe when targeted to mitochondria allows to measure matrix pH reliably but has its limitations, as it is non-ratiometric. Here we have used the more recently developed ratiometric pH probe SypHer and the mitochondrially targeted version mitoSypHer . We study for the first time mitochondrial pH changes in human islet β-cells using the SypHer pH probes, revisiting some of our earlier findings in rat β-cells. The main goal of this work is to describe the physiological pH changes to glucose in human β-cells to learn more about the importance of matrix pH and ΔpH in the regulation of metabolism-secretion coupling.
Materials and methods

Chemicals and reagents
Chemicals were from Sigma-Aldrich (Switzerland), Invitrogen (Switzerland), Thermo Fisher Scientific (Waltham, MA, USA), VWR (Switzerland) or Tocris (Switzerland) unless otherwise indicated. Adenoviruses constructs described in this study were cloned at Nestlé Institute of Health Sciences. Subsequently, adenovirus particles were generated in CAP cells, an immortalized cell line based on human amniocytes. Generation, amplification and purification of adenoviruses was performed by Sirion (SIRION BIOTECH GmbH; Germany). INS-1E cells were obtained from Prof. C.B. Wollheim (University of Geneva, Switzerland).
Plasmids and adenoviruses
Plasmid constructs for the expression of cytosolic and mitochondrial SypHer were obtained from Prof. N. Demaurex (University of Geneva, Switzerland). For β-cell specific expression of transgenes, we used a previously published adenovirus based strategy (Ishihara et al., 2003) . Transgenes were expressed under the control of the rat insulin promoter (RIP; 410 bp 5' sequence of the rat insulin-I gene; accession: J00747). This strategy permits to specifically study cytosolic SypHer (cytoSypHer) and mitochondrial SypHer (mitoSypHer) in primary human β-cells despite the presence of other islet cell types in the culture. Constructs were recloned into an adenovirus backbone using the MultisiteGateway Pro system (ThermoFisher Scientific). The rat insulin promoter 410 bp from the rat insulin-I gene was cloned into pDONR™ P1-P5r vector to form pENTR™ L1-R5 RIP. CytoSypHer or mitoSypHer were cloned into pDONR™ P5-P2 vector to form pENTR™ L5-L2 SypHer. Recombination between pENTR™ L1-R5 RIP, pENTR™ L5-L2 SypHer and pAd/PL-DEST™ resulted in the complete pAd-RIP-SypHer construct.
INS-1E, human islet and islet monolayer culture
Human islets from non-diabetic deceased donors were purchased from Tebu-bio (Le Perray-en-Yvelines, France). Donors had consented to donate organs for medical research. The use of these human islets was approved by the local independent ethics committee of the Canton of Vaud (Switzerland). Islets were cultured at 37°C in a humidified atmosphere (5% CO 2 ) in MEM medium 5.6 mM glucose (GIBCO #11095-080). The medium was supplemented with 5% (v/v) heat-inactivated FBS (Chemie Brunschwig AG, Switzerland), 1× GlutaMAX (GIBCO #35050061), 1× B-27 supplement (GIBCO #17504044), 10 mM HEPES, 1 mM Na-pyruvate (human islet medium). The antibiotics penicillin (50 μg/ml) and streptomycin (100 μg/ml) were included in the medium. Upon receipt the islets were dissociated in trypsin and plated on Collagen IV (Sigma #C6745)-coated glass bottom dishes (MatTek #P35G-1.5-7-C) and cultured in human islet medium (Phelps et al., 2017) . INS-1E cells were cultured at 37°C in a humidified atmosphere (5% CO 2 ) in RPMI-1640 medium (GIBCO #21875-034) containing 11.1 mM glucose, supplemented with 10% (v/v) heat-inactivated fetal calf serum (FCS; Brunschwig AG, Switzerland), 10 mM HEPES (pH 7.3), 1 mM sodium pyruvate, 50 μM β-mercaptoethanol. The antibiotics penicillin (50 μg/ml) and streptomycin (100 μg/ml) were also included.
Compartment specific pH measurements
Cytosolic and mitochondrial matrix pH were measured using the compartment specific, genetically engineered probes: cytoSypHer and mitoSypHer respectively. For several control experiments the mitochondrial pH probe mitoAlpHi was used. was achieved after infection of human islet monolayers with adenoviruses carrying either of the two fluorescent proteins under the control of the rat insulin promoter (RIP). Adenoviruses were added at 20-40 ifu/cell, ensuring that a large number of beta-cells sufficiently expressed the transgene for pH measurements. Infection was carried out for 90 min at 37°C. The medium was then changed and the cells were cultured for 24 h in fresh human islet medium. Two days after transfection, or one day after infection, the cells were washed in Krebs-Ringer bicarbonate HEPES buffer (KRBH) containing 2.5 mM glucose for INS-1E cells or 1 mM glucose for human islets. The KRBH buffer further contains (in mM): 140 NaCl, 3.6 KCl, 0.5 NaH 2 PO 4 , 0.5 MgSO 4 , 1.5 CaCl 2 , 10 HEPES, 5 NaHCO 3 , pH 7.4. The samples were maintained at 37°C in a thermostatic chamber (Life Imaging Services, Switzerland) on a DMI6000 B inverted fluorescence microscope. An oil immersion objectiveHCX PL APO 63×/1.40-0.60 NA (Leica Microsystems, Germany) was used and images acquired by an Evolve 512 back illuminated CCD with 16 × 16 μm pixels camera (Photometrics, AZ, USA).
For mitoSypHer or cytoSypHer imaging, the cells were alternately excited at 402/15 and 495/10 nm through an external excitation filter wheel. Both emission images were acquired with a 535DF25 emission filter. For mitoAlpHi pH measurements, the cells were excited at 495/ 10 nm through an external excitation filter wheel. Images were acquired through a 535/DF25 emission filter. The measurements were calibrated in intracellular buffers (125 mM KCl, 0.5 mM MgCl2, 20 mM NaCl, and 0.2 mM EGTA) containing the ionophores monensin (5 μM) and nigericin (5 μg/ml). Three buffering substances (final concentration 20 mM) were used depending on the target pH: 1) MES for pH 5-6.5, 2) HEPES for pH 7-7.5, and 3) Tris for pH 8. The pH was adjusted with KOH/HCl. In contrast to earlier studies with mitoSypher , we used 402 nm rather than 440 nm (isobestic point) for the shorter excitation wavelength. Ratiometric measurements of intracellular pH using Sypher remain possible despite this modification of the method.
For double measurements of cytosolic Ca 2+ and mitochondrial pH,
INS-1E cells transfected with RIP-mitoSypHer were loaded with 2 μM Fura-2 for 45 min at room temperature. Before the experiment, the Fura-2 dye was removed and the cells washed for 20 min at 37°C. For Ca 2+ measurement, the cells were excited at 340 nm and 387 nm through a 505DCXR filter. The two emission images were acquired with a 535DF25 emission filter. For pH measurement, the cells were excited at 440/20 nm and 495/10 nm through a 505DCXR filter. The two emission images were acquired using a 535DF25 emission filter. Fluorescence ratios were calculated in MetaFluor 7.0 (Meta Imaging Series, Molecular Devices, CA, USA) and analyzed in Excel (Microsoft, WA, USA) and GraphPad Prism 5 (GraphPad, Software, CA, USA). Images were taken every 5 s.
Annexin V apoptosis assay
Apoptosis was measured with the Incucyte ZOOM live cell analysis system (Essen bioscience). INS-1E cells were plated at 40000 cells/well in 96-well plates, 24 h prior to the experiments. For the assay, fluorescently labelled Annexin V was added to the complete INS-1E growth medium according to the manufacturer's instructions (Incucyte, Essen bioscience). Cells were incubated at 37°C and 5% CO 2 in the presence of fluorescently labelled Annexin V. Images were taken every 30 min and processed with Incucyte software. Briefly, a training set of images including both experimental conditions was analyzed by the Incucyte provided algorithm to establish a set of internal parameters that optimally separate positive cells from background. This set of internal parameters were subsequently applied to the whole image collection. Images were segmented and single objects were quantified as Annexin V positive cells. Per time-point and condition, 40 images were analyzed.
Results
Transient acidification of mitochondrial matrix pH during glucose stimulation of INS-1E cells
The genetically encoded ratiometric mitochondrial pH probe SypHer (mitoSypHer) has been used successfully for kinetic analysis and quantification of mitochondrial matrix pH in a number of cell types (Azarias et al., 2011; Poburko et al., 2011; Santo-Domingo et al., 2013) . We aimed to use this novel probe for the measurement of matrix pH changes in human β-cells. In our earlier work, we have employed the non-ratiometric mitochondrial pH probe mitoAlpHi in pancreatic β-cells (Akhmedov et al., 2010; Wiederkehr et al., 2009 ). First, we therefore compared glucose-induced matrix pH changes with either the mitoSypHer or mitoAlpHi probe (Fig. 1 ). This comparison was performed in the insulinoma cell line INS-1E, which can be transiently transfected with plasmids carrying the pH probes. Resting conditions were established for 30 min in KRBH containing 2.5 mM glucose. INS-1E cells were then stimulated with 16.7 mM glucose. This concentration promotes a maximal activation of respiration and insulin secretion from INS-1E cells (Antinozzi et al., 2002; De Marchi et al., 2017) . In cells expressing mitoSypHer, changes in pH are recorded using dual excitation (495/402 nm) single emission (535 nm) microscopy. At the end of the experiment, titration curves were established (typically pH 6.9-8).
The ratiometric values obtained can be fit to an exponential curve allowing the conversion of ratiometric data into matrix pH values (see 2.4 and Suppl. Fig. 1 ). For a titration curve over a wider range of pH values see Poburko et al., (2011) . Glucose induced a rapid reduction of the 495/402 nm fluorescence ratio and thus an acidification of the mitochondrial matrix in INS-1E cells (Fig. 1A) . Acidification was typically transient (see also Fig. 2A ) where maximal acidification was reached 5 min after initiation of the glucose stimulus ( Fig. 1A and B) . Under resting glucose conditions, the mitochondrial matrix pH varied in individual cells over a rather narrow range from 7.4 to 7.8 (Fig. 1C) . The average mitochondrial pH as calculated from mitoSypHer measurements was 7.58 ± SD 0.14 (N = 4). Fig. 1C and F) . The average mitochondrial matrix pH as calculated using mitoAlpHi was 7.51 ± SD 0.23, similar to the value obtained with mitoSypHer. The relative number of mitoAlpHi expressing cells undergoing either acidification or alkalinization were 44% respectively 13% consistent with the mitoSypHer results. In summary, the results obtained with mitoSypHer and mitoAlpHi are very similar, confirming transient acidification in a large fraction of INS-1E cells in response to glucose (Fig. 1) . Both probes estimate the resting matrix pH in INS-1E cells close to 7.5. Glucose-induced acidification of the mitochondrial matrix space is rather small (0.1-0.3 pH units). Basal matrix pH estimations with mitoSypHer are closely grouped around pH 7.6 suggesting this probe results in improved precision when measuring intramitochondrial pH in individual cells.
Glucose activation of INS-1E cells is not associated with matrix alkalinization
Our earlier published results show that glucose stimulation caused mitochondrial matrix alkalinization in INS-1E cells and the matrix pH reached a new steady state within 5-10 min . Given the here observed acidification, we speculated that alkalinization may be delayed. To capture potential alkalinization at a later timepoint, we recorded matrix pH for longer periods in the continued presence of stimulatory glucose concentrations. After 30-40 min stimulation with 16.7 mM glucose, the mitochondrial pH in most cells had returned to values similar to the resting condition without however any net alkalinization in the matrix space ( Fig. 2A) . Our failure to reproduce matrix alkalinization, could be due to the inability of the INS-1E cells under study to respond to glucose. To address this concern, we measured concomitantly mitochondrial matrix pH and cytosolic Ca 2+ signals as a read-out of cellular activation in individual INS-1E cells. Cells transfected with mitoSypHer were loaded with the cytosolic Ca 2+ dye Fura-2. Shortly after glucose stimulation, the INS-1E cells initiated cytosolic Ca 2+ transients demonstrating that they are indeed glucose responsive (Fig. 2B ). In the same cells, measurements of the mitochondrial pH showed glucose-induced acidification (Fig. 2B) . Acidification was sometimes preceded by a small transient alkalinization. Such transient alkalinization lasting maximally 1-2 min was also observed in other control experiments without loading the cells with Fura-2 (see also Figs. 1 and 4) . Measurement of both parameters in individual cells, demonstrates glucose-dependent transient acidification of the mitochondrial matrix space in INS-1E cells that are responsive to glucose.
3.3. Control experiments confirming mitoSypHer as a probe of choice for the study of mitochondrial matrix pH in insulin secreting cells
To ascertain that mitoSypher can be used for mitochondrial pH measurements in β-cells, we performed several control experiments. Proper localization of mitoSypHer to mitochondria has been demonstrated previously in HeLa cells . Similarly, we confirmed targeting to mitochondria in INS-1E cells expressing mitoSypHer. After transient transfection, mitoSypHer fluorescence was localized to filamentous structures characteristic for the distribution of mitochondria in INS-1E cells (Fig. 2C) . To confirm matrix localization of mitoSypHer, we compared the pH difference with the cytosol before and after collapse of the mitochondrial ΔpH. Consistent with proper targeting to the matrix space, mitoSypHer was present in a microenvironment more alkaline than cytoSypHer ( Fig. 2D and E) . Following addition of rotenone, antimycin A and oligomycin to collapse the ΔpH, the pH difference was rapidly reduced (Fig. 2D and E) . Unexpectedly, the cytosolic pH was also highly sensitive to the inhibitors of oxidative phosphorylation. Acidification of cytosolic and mitochondrial pH of similar kinetics was observed (Fig. 2D) . The data show that inhibitors of oxidative phosphorylation affect pH homeostasis beyond mitochondria. As predicted, the mitochondrial inhibitors collapsed the mitochondrial ΔpH. The matrix pH was not significantly higher than the cytosolic pH after 5 min in the presence of rotenone, antimycin A and oligomycin (Fig. 2E) . These data further support matrix localization of mitoSypHer.
Possible mechanisms of mitochondrial matrix acidification in INS-1E cells
Mechanistically, we were interested in understanding how glucose stimulation could cause mitochondrial pH changes. Earlier work has demonstrated that histamine-induced Ca 2+ rises cause cytosolic and mitochondrial acidification in HeLa cells . We therefore assessed whether glucose-induced Ca 2+ signaling was responsible for the observed matrix acidification. In INS-1E cells, the Ltype channel blocker nifedipine (10 μM) completely suppresses glucoseinduced Ca 2+ signaling (Fig. 3A) . Comparison of glucose-induced pH changes in the presence or absence of nifedipine showed that glucoseinduced Ca 2+ signaling in insulin secreting cells has only a minor effect on the mitochondrial pH (Fig. 3B ). Glycolysis forms pyruvate, which is taken up by mitochondria for oxidative metabolism. Proton dependent pyruvate transport and downstream metabolism may explain the observed transient glucose-dependent acidification in the mitochondrial matrix. INS-1E cells, unlike primary β-cells, express the plasma membrane monocarboxylate transporter (Ishihara et al., 1999) . Exogenous pyruvate can be taken up by INS-1E cells and serve as a direct substrate of mitochondria bypassing glycolysis (Antinozzi et al., 2002; De Marchi et al., 2017) . Exogenous pyruvate at concentrations as low as 0.1 mM was able to reduce the mitochondrial matrix pH (data not shown). Pyruvate (0.4 mM) caused a net decrease in matrix pH similar to the acidification resulting from maximal glucose stimulation (Figs. 3C and 1A) . Pyruvate also caused a small transient acidification of the cytosolic pH (Fig. 3C ). These findings demonstrate that pyruvate transport and metabolism have a more marked effect on matrix compared to cytosolic pH. To directly test whether in case of glucose pyruvate metabolism is a main determinant of matrix acidification, we used the mitochondrial pyruvate transport inhibitor UK5099. Surprisingly, UK5099 when added alone caused matrix acidification (Fig. 3D) . The rapid kinetics resemble those observed after addition of inhibitors of the respiratory chain. It is possible that blocking pyruvate transport rapidly depletes mitochondrial substrates, resulting in impaired respiration in INS-1E cells. Indeed, acute addition of UK5099 caused a rapid reduction of respiration both under basal glucose conditions and after glucose stimulation ( Fig. 3E and F) . This suggests, continuous delivery of pyruvate is required to maintain respiratory rates in INS-1E cells. We conclude, UK5099 cannot be used to test whether pyruvate transport linked to glucose metabolism is causing matrix acidification.
High titer adenovirus infection has negative effects on human islet β-cell function
Our previous work on mitochondrial pH in primary β-cells has relied on adenoviruses for efficient transgene expression. For future expression in primary pancreatic β-cells but not other islet cell types, mitoSypHer was cloned under the control of the rat insulin promoter (RIP; for a more detailed description see 2.2 materials and methods). A potential issue is that adenovirus infection or any secondary consequence of adenovirus use could influence β-cell function or metabolism.
In our earlier work, we have used high titers of adenoviruses to I. Chareyron et al.
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infect intact islets ). These conditions were established to promote the penetration of the virus particles into intact rodent islets for mitoAlpHi expression. Following on that work, we infected intact human islets with 3.6 × 10 5 ifu/islet in 100 μl with the RIP-mitoSypHer adenovirus with an estimated 1000-3000 cells/human islet. Two days after infection, the mitoSypHer expressing β-cells were analyzed. As published, stimulation of islets with 16.7 mM glucose caused a net alkalinization in intact human islets (Fig. 4A ). This is in contrast to the observed transient acidification in INS-1E cells. In human islet β-cells, the mitochondrial matrix exhibited an alkalinization of about 0.1 pH unit in response to glucose (Fig. 4A) . The average resting matrix pH was 7.55 ± SD 0.002. We speculated that infection with high titers of adenoviruses is responsible for the differences in matrix pH responses. We therefore stepwise reduced the number of Ad-RIP-mitoSypHer adenovirus particles to infect the human islets. After infection with 4 × 10 4 ifu/islet in 1 ml, we still obtained robust expression of mitoSypHer in β-cells in intact islets. The average resting matrix pH in human islet β-cells was 7.51 ± SD 0.014. In human islets infected with reduced concentrations of adenoviruses, mitoSypHer reported a transient matrix acidification (Fig. 4B ) consistent with the results in INS-1E cells. We have recently contributed to the development of islet monolayer cultures for improved imaging of pancreatic β-cells (Phelps et al., 2017) . We used this system to clarify the role of adenovirus infection on the mitochondrial pH response to glucose. Four days after dissociation and plating, islet cells were infected with either low (20 ifu/cell) or high (200 ifu/cell) concentrations of adenoviruses. The calculation of infection units per cell were based on the number of islet cells plated at the beginning of the experiment. In this cellular system, we were able to measure concomitantly mitochondrial pH (with mitoSypher) and cytosolic Ca 2+ (with Fura-2) in β-cells ( Fig. 4C and D) .
Infection with a high titer of adenoviruses caused matrix alkalinization in a large fraction of β-cells (Fig. 4C) , while matrix acidification was observed when adenovirus titers were low (Fig. 4D) . When comparing the two conditions, matrix pH values were significantly different both 5 and 10 min after glucose stimulation (Fig. 4E) . Furthermore, Ca 2+ signals seemed reduced when high titers of adenoviruses were used to infect islet cells (compare Fig. 4C and D) . Quantification of the area under the curve showed that Ca 2+ response in cells infected with high virus titers were reduced but this difference did not reach significance (Fig. 4F) . We conclude that matrix acidification is the normal response of β-cells to glucose. The virus titer used for islet infection must be optimized to assure expression of the reporter construct and to preserve normal glucose responsiveness in primary β-cells.
Mitochondrial and cytosolic pH response to glucose in human islet β-cells
We also used the islet monolayer cultures, to quantify glucose-induced changes in mitochondrial and cytosolic pH. Islet monolayer cultures were infected with either Ad-RIP-mitoSypHer for mitochondrial pH measurements or the corresponding adenovirus for cytosolic pH measurements (Ad-RIP-cytoSypHer). For both pH probes, we confirmed localization to the mitochondrial (Fig. 5A) and cytosolic (Fig. 5B ) compartment in primary β-cells.
The average matrix pH in resting human β-cells was 7.5 ± SD 0.17. The majority of cells (60%) had a resting matrix pH of 7.3-7.6 (Fig. 5C  and D ). There were however, a small subset of cells with basal matrix pH values as high as pH 8 (Fig. 5D) . Stimulation of human β-cells with glucose resulted in rapid matrix acidification (Fig. 5C) . In contrast to INS-1E cells, reduction of the matrix pH in primary human β-cells remained significantly reduced at 5, 10 and 15 min following initiation of the glucose response (Fig. 5E ). In half of the cells analyzed, we recorded matrix acidification varying from 0.1 to 0.3 pH units. Alkalinization was observed in only 10% of all human β-cells.
In the cytosol, glucose caused acidification as well starting at a lower basal value ( Fig. 5F and G) . The cytosolic pH in human β-cells before stimulation was 7.23 ± SD 0.13. Following stimulation with glucose for 15 min, the average cytosolic pH in β-cells was 7.19 ± SD 0.11. These pH values are consistent with the cytosolic pH in other cell types.
3.7. Glucose-dependent alkalinization of the mitochondrial matrix following staurosporine-induced cellular stress
The physiological mitochondrial pH response to glucose in β-cells is a transient acidification (Figs. 1, 4 and 5) . Glucose-induced alkalinization was only observed after infection with high adenovirus titers ( Fig. 4A and C) . This suggests signaling linked to cellular stress is required for glucose-induced matrix alkalinization. An earlier study had observed that the ATP-competitive kinase inhibitor staurosporine induces mitochondrial pH rises preceding staurosporine-dependent apoptosis (Matsuyama et al., 2000) . We therefore investigated whether alteration of cellular signaling by staurosporine caused mitochondrial alkalinization in insulin secreting cells.
Staurosporine (1 μM) had an obvious effect on INS-1E cells, which was apparent as rapid changes in cell morphology (Fig. 6A) . Control cells displayed the typical phenotype of well-spread cells organized in clusters. Within 5-10 min of staurosporine (1 μM) treatment, the cells retracted to form more rounded cells with preserved filamentous extensions (Fig. 6A) . In such staurosporine treated cells, we monitored cell death continuously following the binding of fluorescently labelled annexin V to the plasma membrane of INS-1E cells. During apoptosis progression, phosphatidylserine (PS) translocates from the inner to the outer leaflet of the plasma membrane (Martin et al., 1995) . Annexin V can bind with high affinity to PS exposed on the outside of the cell. We observed a gradual but slow increase in annexin V binding on control INS-1E cells. For the first 6 h of the time-course, annexin V binding to INS-1E cells treated with staurosporine (1 μM) was similar. Thereafter the ability of staurosporine to induce apoptosis was revealed by a noticeable increase in annexin V binding when compared to control (Fig. 6B) . At early time-points, preceding apoptosis as defined by annexin V binding, we tested whether staurosporine increased the mitochondrial matrix pH. For these experiments, INS-1E cells expressing mitoSypHer were maintained under resting glucose (2.5 mM) conditions. mitoSypHer calibration experiments showed that staurosporine (1 μM) treatment for 1 h did not change the mitochondrial pH under basal conditions (Fig. 6C) . Mitochondrial pH was 7.53 ± SD 0.103, not significantly different from control cells maintained in 2.5 mM glucose. However, glucose-stimulation of staurosporine treated cells caused a net alkalinization of the matrix pH (Fig. 6C, D and E) . Net alkalinization of staurosporine treated cells was small but diametrically opposite of the typical response of control cells to glucose (Fig. 6E) . Similar results were observed after 2 and 4 h treatment with staurosporine (data not shown). We conclude that staurosporine alone does not induce matrix alkalinization in INS-1E cells but alters the physiological mitochondrial pH response to glucose.
Discussion
The matrix pH and the associated ΔpH across the inner mitochondrial membrane are important parameters of mitochondrial energetics. The ΔpH together with the electrical potential drive mitochondrial ATP synthesis and mediate the uptake and export of a large number of ions and metabolites (Halestrap, 1978; Hutson, 1987; Klingenberg and Rottenberg, 1977) . Several of these transport steps are exclusively stimulated by the pH gradient. This is the case for pyruvate and ketoacids derived from amino acids, which depend on the proton gradient for their uptake into mitochondria (Halestrap, 1978; Hutson, 1987) . This may be particularly important for the nutrient sensing pancreatic β-cell as part of the sensing mechanism depends on the efficient mitochondrial uptake of pyruvate the end product of glycolysis in β-cells (Malmgren et al., 2009; Schuit et al., 1997) . Previously, we have described that under resting glucose concentrations the matrix pH in β-cells is unusually low and rises following glucose stimulation (Akhmedov et al., 2010; Wiederkehr et al., 2009 ). We had proposed that the small ΔpH is part of a safety mechanism preventing unwanted activation of mitochondria in resting pancreatic β-cells (Wiederkehr, 2009) . In this working hypothesis, alkalinization during glucose stimulation would bring the matrix pH closer to its optimum allowing the mitochondria to take up pyruvate more efficiently and accelerate oxidative metabolism and respiration giving rise to ATP synthesis.
Much of our work on the mitochondrial pH was based on adenovirus-dependent expression of the pH sensitive probe mitoAlpHi in pancreatic β-cells (Akhmedov et al., 2010; Wiederkehr, 2009 ). Here we have revisited the study of mitochondrial matrix pH using the more recently developed ratiometric pH probe SypHer . We find that mitoAlpHi and mitoSypHer after transient expression in INS-1E cells give qualitatively and quantitatively similar results. We find however several advantages of working with mitoSypher. Although both probes were expressed under the CMV promoter, the fluorescence signal obtained with mitoSypher was noticeably stronger. In addition, the determination of the mitochondrial pH using titration of the ratiometric signal is more precise. Based on these observations, we generated tools for the expression of SypHer in the cytosol or mitochondria of primary pancreatic β-cells. Both a cytosolic (cytoSypHer) and mitochondrially-targeted version (mitoSypher) were cloned under the control of the rat insulin promoter in an adenovirus backbone (Ad-RIPcytoSypHer and Ad-RIP-mitoSypHer).
Targeting to mitochondria was confirmed by confocal microscopy in INS-1E cells and human islet β-cells following either transient transfection or adenovirus infection of constructs carrying mitoSypher. To demonstrate matrix localization of mitoSypHer, we compared pH measurements with cytoSypHer and mitoSypHer. Consistent with matrix localization the mitoSypHer sensed a more alkaline pH environment than the cytoSypHer. After collapsing the ΔpH with the mitochondrial inhibitors rotenone, antimycin A and oligomycin, the pH reported by mitoSypHer was not significantly higher anymore than the cytosolic pH. Together this data is consistent with localization of mitoSypHer to the matrix side of the inner mitochondrial membrane.
Ad-RIP-mitoSypHer infection of islet monolayer cultures was used to measure mitochondrial matrix pH for the first time in human islet β-cells. We found the matrix pH to be 7.5 ± SD 0.17. We had previously determined the matrix pH in rat islet β-cells at 7.25 ). These differences in the absolute values of the mitochondrial pH are not likely due to species differences but rather differences in methodology. One argument supporting this conclusion is the direct comparison of matrix pH measurements in INS-1E cells using different methods and pH sensors. In our earlier work, we determined the matrix pH with mitoAlpHi to be 7.3. The matrix pH was also calculated from chemical shifts of inorganic phosphate with 31 P-NMR. The value obtained was 7.45. In the present study, mitochondrial pH in INS-1E cells was 7.51 ± SD 0.23 or 7.58 ± SD 0.14 measured with mitoAlpHi or mitoSypher respectively. The matrix pH is close to 7.5 in INS-1E consistent with the determination of matrix pH by 31 P-NMR. Therefore, the resting matrix pH is higher than previously determined although still on the lower end when comparing to the matrix pH values obtained in other cell types such as HeLa cells, 293T cells, Jurkat T-cell leukemia, epithelial carcinoma cells, HepG2 cells or cortical neurons, ranging from 7.8 to 8.2 (Abad et al., 2004; Llopis et al., 1998; Matsuyama et al., 2000; Wiederkehr, 2009) . The cytosolic pH measured with cytoSypher in human β-cells was 7.23 ± SD 0.13. This result suggests that the mitochondrial ΔpH in β-cells is very small (0.28 pH units) confirming earlier findings in rat β-cells .
In INS-1E cells, primary human β-cells in intact islets and human β-cells of islet monolayer cultures, we consistently find a small transient acidification of the mitochondrial matrix during acute glucose stimulation. This acidification could be the result of accelerated formation of pyruvate during stimulation of β-cells with glucose. Uptake of pyruvate through the mitochondrial pyruvate transporter requires the simultaneous transfer of protons to the mitochondrial matrix, and may explain the glucose-dependent transient acidification experienced by β-cell mitochondria. To test this hypothesis, we exogenously added pyruvate instead of glucose. INS-1E cells unlike primary β-cells express the monocarboxylate transporter and therefore pyruvate is able to stimulate mitochondrial respiration and insulin secretion already at very low concentrations (Antinozzi et al., 2002; De Marchi et al., 2017; Ishihara et al., 1999) . Pyruvate (0.4 mM) caused a small transient reduction of the cytosolic pH, likely due to rapid uptake through the moncarboxylate transporter. In the mitochondrial matrix, the decrease in matrix pH was sustained and of larger amplitude, suggesting mitochondrial pyruvate uptake followed by intramitochondrial metabolism is causing sustained matrix acidification. Our findings are consistent with earlier results demonstrating pyruvate/lactate dependent mitochondrial acidification in HeLa cells (Llopis et al., 1998) . Through the stimulation of the respiratory chain pyruvate will also activate proton pumping by the respiratory chain complexes I, III and IV (promoting matrix alkalinizing) and ATP synthesis associated with the influx of protons (acidifying the matrix). At the same time, pyruvate will increase the formation of TCA cycle intermediates. The export of such metabolites is driven by the ΔpH and therefore causes a net acidification of the matrix pH. Given the multitude of processes that affect the mitochondrial matrix pH during pyruvate or glucose stimulation, it is difficult to dissect the contribution of individual proton linked transport steps to the net pH changes inside mitochondria. Here, we used UK5099 to test whether mitochondrial pyruvate uptake and metabolism is necessary for glucose-induced acidification. However, UK5099 alone caused a pronounced matrix acidification and inhibited glucose dependent respiration both in resting cells and after glucose stimulation. The mechanism of UK5099 dependent acidification therefore resembles those of respiratory chain inhibitors.
In human β-cells, we find that glucose stimulation causes a small reduction of both the cytosolic (−0.09 pH units) and mitochondrial pH (−0.19 pH units). The molecular mechanisms leading to cytosolic pH acidification are not clear. It should be mentioned, that earlier studies in β-cells had described a small glucose-induced net alkalinization of the cytosol. The observed nutrient-induced alkalinization was partially counterbalanced by the acidifying action of glucose-induced Ca 2+ signals (Shepherd and Henquin, 1995) . Ca 2+ dependent acidification is in part due to the activity of the plasma membrane Ca 2+ ATPase, which extrudes Ca 2+ from the cell in exchange for protons Discrepancies in cytosolic pH changes in different studies working on primary β-cells may be explained by differences in the medium used for live cell imaging. Our KRBH buffer contains 5mM NaHCO 3 and 10mM HEPES pH 7.4 and is identical to the buffer we have used in our earlier work ). Any differences described in this study and our earlier work is therefore not due to differences in buffer conditions. Alternatively, bicarbonate-buffered medium has been used (25mM NaHCO 3 gassed with O2/CO2 (94:6) pH 7.4) for the study of pancreatic β-cells. Such differences in the bicarbonate concentration and the addition of other buffering substances such as HEPES have a strong impact on the regulation of the cytosolic pH (Shepherd and Henquin, 1995) and should be considered when comparing different studies.
In the context of our work, it is interesting that cytosolic and mitochondrial pH decrease in parallel. This observation suggests that the mitochondrial pH to some degree follows the cytosolic pH changes. Similar parallel changes of cytosolic and mitochondrial pH have been observed in HeLa cells stimulated with histamine . Such coordinated pH changes may maintain a close to constant ΔpH across the inner mitochondrial membrane. Following glucose stimulation, the ΔpH in human islet β-cells is reduced from 0.21 pH units to 0.12 pH units. These glucose-induced changes of the ΔpH (ΔΔpH = −0.09 pH unit) are small and reduce the electrochemical gradient by about 5 mV.
In order to maintain the electrochemical potential, mitochondria in situ can experience rapid alkalinization in response to a transient loss of the electrical potential (Santo-Domingo et al., 2013) . Such antiparallel changes of the electrical and chemical gradient have been proposed to assure that the total electrochemical gradient remains constant. In the pancreatic β-cell, glucose causes a rapid hyperpolarization of the mitochondrial electrical potential (Duchen et al., 1993; Goehring et al., 2012; Wiederkehr et al., 2009) . In INS-1E cells, stimulation with 16 mM glucose increased the mitochondrial electrical potential by 14 mV (Goehring et al., 2012) . The reduction of the chemical potential as calculated from the ΔpH changes (−5 mV) suggest a net hyperpolarization of the electrochemical gradient of 9 mV. This reflects a glucosedependent net increase of the driving force for ATP-synthase dependent energy production.
The here described mitochondrial pH responses are qualitatively different from our earlier findings in INS-1E cells and rat primary β-cells . We had reported that in response to glucose the matrix pH undergoes a pronounced net alkalinization of 0.35-0.45 pH units. Our inability to reproduce these results led us to reestablish experimental conditions used for matrix pH measurements in intact islets. In our earlier work, a high titer of the mitoAlpHi adenovirus was applied to enhance expression of mitoAlpHi to increase the otherwise weak fluorescence signal of the pH probe. When working with the Ad-RIP-mitoSypHer adenovirus, concentrations an order magnitude lower were sufficient to obtain mitoSypHer expression to measure matrix pH in a large fraction of islet β-cells. Under these conditions, glucose caused transient matrix acidification and robust cytosolic Ca 2+ signaling suggesting normal metabolism-secretion coupling. When using high titers of Ad-RIP-mitoSypHer, glucose caused matrix alkalinization consistent with our earlier published data. Using this infection protocol, metabolism-secretion coupling was likely (Lombardi et al., 2017; Wiederkehr et al., 2011) . Infection with high adenovirus titers therefore likely alters several mitochondrial parameters including matrix pH and possibly also mitochondrial Ca 2+ signals.
Interestingly, infection with high titers of adenoviruses alone had no effect on the mitochondrial pH. Only once stimulated with glucose did we observe a rapid onset alkalinization. Glucose-induced matrix alkalinization appears to be the result of a cellular stress generated as part of the infection protocol. The biological changes leading to glucoseinduced alkalinization after adenovirus infection are not understood. To avoid unwanted effects of adenoviruses, the current infection protocol has been optimized to measure glucose-induced mitochondrial pH changes without impairing β-cell function.
Cellular stresses such as staurosporine leading to apoptosis can induce alkalinization of the mitochondrial pH (Matsuyama et al., 2000) . Staurosporine promotes the translocation of the proapoptotic protein Bax from the cytosol to mitochondria. Here Bax initiates the mitochondrial phase of apoptosis (Pellegrini et al., 2012; Tafani et al., 2002) . In cells treated with staurosporine, the matrix pH increased gradually from 7.6 to 8.3 within 2-4 h prior to the appearance of more classically described markers of apoptosis (Matsuyama et al., 2000) . In INS-1E cells, staurosporine caused rapid changes in cell morphology without inducing matrix alkalinization. After staurosporine treatment (for 1-4 h), alkalinization was only observed when the cells were stimulated with glucose. We conclude that glucose stimulation causes matrix alkalinzation in insulin secreting cells primed by cellular stress signals such as infection with high titers of adenoviruses or using the broad kinase inhibitor staurosporin. The molecular mechanisms altering matrix pH regulation remain unclear. It should be noted that although both infection with high adenovirus titers and staurosporine cause glucose-induced matrix alkalinization the mechanisms leading to this phenotype are likely distinct.
Our analysis in human islet β-cells shows that the mitochondrial matrix pH is rather low. Glucose stimulation causes a transient acidification of both the cytosolic and mitochondrial pH. Cellular stress such as the induction of apoptosis affects pH regulation in insulin secreting cells leading to a net increase of the matrix pH in response to glucose.
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